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Available online 21 January 2016The hairy roots ofHyoscyamus albus (HAHR) produce a variety of sesquiterpene-type phytoalexins after different
chemical treatments. In a previous study, solavetivone and its derivatives were produced aftermethyl jasmonate
(MeJA) treatments, with or without copper sulfate (CuSO4), but not after treatments of only CuSO4. In this study,
two putative solavetivone biosynthetic gene, H. albus terpene synthase 1 (hatps1) and H. albus Hyoscyamus
premnaspirodiene oxygenase 1 (hahpo1), were cloned. The WRKY transcription factor DNA-binding element,
the W-box, was identiﬁed in the hatps1 and hahpo1 promoters. The WRKY transcription factor, H. albus wrky
transcription factor 1 (hawrky1), was cloned under solavetivone production conditions. From the phylogenetic
analysis, hawrky1 was classiﬁed as group IIa. A transcriptional analysis showed that hawrky1 was induced by a
MeJA treatment, with or without CuSO4, but not by a treatment of only CuSO4. The expression pattern of hawrky1
matched that of the hahpo1. These results indicate that hawrky1may be an important gene that activates the pro-
duction of solavetivone in H. albus.
© 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
WRKY
Hairy root
Hyoscyamus albus
Phytoalexin
Solavetivone1. Introduction
Plants have a robust defense system to protect themselves from
pathogen or pest attacks. The plant defense system can be divided into
two layers (Boller and Felix, 2009; Pieterse et al., 2014). In the ﬁrst
layer, plants recognize microbe-associated molecular patterns, such as
bacterial ﬂagellin and fungal chitin, then activate a basal immune
response, such as oxidative bursts, which kill pathogens by oxidative
stress, and callose deposition, which prevents penetration through
cell-wall reinforcements (Gamir et al., 2014). In the second layer, plantsBank of Japan;Dof, DNA binding
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iversity of Shizuoka, 52-1 Yada,
. This is an open access article underrecognize pathogen effectors to activate immune responses to speciﬁc
pathogens. Inmost cases, localized cell death, called the “hypersensitive
reaction” occurs (Lam et al., 2001).
Phytoalexin production is also involved in the plant defense systems.
Phytoalexins are small organic compounds that possess antimicrobial or
repellent activities (Jeandet et al., 2013). Their production starts a few
hours after a pathogen or pest attack (Pedras et al., 2011). The chemical
class of phytoalexin often varies based on the plant family. For example,
Poaceae, including oat, rice, and maize, produce diterpene- or ﬂavone-
type phytoalexins, and Fabaceae, including peanut, soybean, and pea, pro-
duce isoﬂavone-type phytoalexins (Chen et al., 2012; Poloni and
Schirawski, 2014; Toyomasu, 2008). In the Solanaceae family, including
pepper, tomato, and Hyoscyamus species, sesquiterpene-type phyto-
alexins are mainly produced. Capsidiol is a well-known sesquiterpene-
type phytoalexin that is produced by Nicotiana or Capsicum species
(Desender et al., 2007). This phytoalexin production is induced by viral
or bacterial attacks, and is also induced by treatments with jasmonic
acid, which is a major signal hormone responsible for biotic stress
(Ahuja et al., 2012; Jeandet et al., 2013). As described above, phytoalexin
structures have beenwell documented,while the regulatorymechanisms
of phytoalexin production remain largely unknown, especially in
Solanaceae plants.
The infection of plant cells with the Gram-negative soil bacterium
Agrobacterium rhizogenes causes abnormal root formation (Chandra,
2012). This abnormal root, called hairy roots, maintains the host's
secondary metabolism and exhibits a high proliferation rate withoutthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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mass production or biosynthetic studies of host secondary metabolites.
In our previous studies, a high production level of tropane alkaloids
was achieved by Hyoscyamus niger hairy roots (Uchida et al., 1993).
The production of a coumarine-type phytoalexin and its detoxiﬁcation
system was also achieved using Ipomoea nil hairy roots, and a
glucosyltransferase, which is involved in the glucosylation (detoxiﬁca-
tion) of the coumarine-type phytoalexin, was cloned (Kanoh et al.,
2014; Yaoya et al., 2004). Thus, it is very useful for basic studies on
secondary metabolism in plants.Fig. 1. Multiple alignment of amino acid sequences of premnaspirodiene synthases. GenBank
alignment was calculated using ClustalW. The underlined sequence is the conserved metal-bin
shadings, provided by BOXSHADE 3.21 (http://www.ch.embnet.org/software/BOX_form.html)The SolanaceaeplantHyoscyamus albus is known as amedicinal plant.
We have studied the secondary metabolism to discover medically im-
portant metabolites using hairy roots of H. albus (HAHR). In our
studies, we found that HAHR produced several solavetivone derivatives
after methyl jasmonate (MeJA) and copper sulfate (CuSO4) treatments
(Kawauchi et al., 2010; Kuroyanagi et al., 1998). HAHR treated with
MeJA or co-treated with MeJA and CuSO4 produces solavetivone or its
derivatives. In contrast, HAHR treated with CuSO4 alone leads to lubimin
production, as the only phytoalexin, and did not produce solavetivone
or its derivatives. Both lubimin and solavetivone, or its derivatives,accession numbers and sources for these protein sequences are shown in Table 2. The
ding motif. The arrows indicate the positions of primers used for cloning. Black and gray
, indicate identical and similar amino acid residues, respectively.
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Their precursor, premnaspirodiene, is produced by sesquiterpene cyclase
from farnesyl diphosphate, and solavetivone is produced by cytochrome
P450 family oxygenase from premnaspirodiene (Greenhagen et al.,
2006; Takahashi et al., 2007). However, the transcriptional regulation
of these biosynthetic enzymes still remains unknown. As mentioned
above, the regulatory mechanisms of phytoalexin production in
Solanaceae plants remain unclear. Thus, studies on the regulation of
solavetivone biosynthesis are important for understanding how
phytoalexin production is regulated in Solanaceae plants.
In this paper, we focused on the regulation of solavetivone biosyn-
thesis in HAHR and hypothesize that WRKY transcription factors mayFig. 2.Multiple alignment of amino acid sequences of premnaspirodiene oxygenases. GenBan
alignment was calculated using ClustalW. The underlined sequence is the conserved heme-b
gray shadings, provided by BOXSHADE 3.21 (http://www.ch.embnet.org/software/BOX_form.hbe involved in the control of solavetivone biosynthesis through the
transcriptional regulation of premnaspirodiene oxygenase.2. Materials and methods
2.1. Induction of HAHR
HAHR was induced using the leaf disc method with A. rhizogenes
MAFF 03-1755 as described in a previous paper (Yaoya et al., 2004).
After induction, HAHR was maintained on Murashige and Skoog (MS)
medium (Murashige and Skoog, 1962).k accession numbers and sources for these protein sequences are shown in Table 2. The
inding domain. The arrows indicate the positions of primers used for cloning. Black and
tml), indicate identical and similar amino acid residues, respectively.
Table 2
List of sequences used in the alignments of HaTPS1 and HaHPO1.
Species Gene name Accession numbera
Hyoscyammus albus TPS1 AB827276
HPO1 AB827277
Hyoscyammus muticus HVS1 Q39978.2
HPO1 A6YIH8.1
Solanum tuberosum VS1 AAD02223.1
CYP71D4 CAC24711.1
a GenBank accession numbers.
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HAHR were subcultured in 100 mL MS media in 500-mL ﬂasks and
incubated at 25 °C with shaking for 3 weeks. Subsequently, MeJA
(100 μg/mL MS medium), or CuSO4 (100 μg/mL MS medium), or both
MeJA and CuSO4 (100 μg/mL MS medium each) were added to the
HAHR cultures. Roots of HAHR were collected after 1 h, 3 h, 6 h, 9 h,
12 h, 18 h, and 24 h. The collected samples were ﬂash frozen in liquid
nitrogen and stored at −80 °C. All of the samples were collected in
three independent experiments.
2.3. Nucleic acid extraction
The frozen rootswere ground to a powder using amortar and pestle.
Genomic DNA was extracted using PowerPlant DNA Isolation Kits (MO
BIO Laboratories, Carlsbad, CA, USA) following the manufacturer's
instructions. Total RNA was extracted using RNAiso (TaKaRa, Kyoto,
Japan) according to the manufacturer's instructions.
2.4. Cloning, rapid ampliﬁcation of cDNA ends (RACE), and promoter
analysis
The total RNA from HAHR after 6 h of a MeJA and CuSO4 co-
treatment was used for cDNA synthesis. For cloning or 3′ RACE, the
cDNA was synthesized using a PrimeScript 1st strand cDNA Synthesis
Kit (TaKaRa) with the oligo(dT)20 primer or T7polyT primer according
to the manufacturer's instructions, respectively. For 5′ RACE, mRNATable 1
PCR primers.
Primer name Sequence (5′ to 3′) Purpose
tps F GCAAATTCAAGGAGTCTCTT Cloning and 3′
RACE
tps R CCTAGCATATGGAAGTG Cloning
tps F2 CATCTCCATCTACGAAGAGG Sequence
tps R2 TTCAATGGAGTCCACCA
tps RACE R1 TCAGAGGTCAACAAGGGTAC 5′ RACE
tps RACE R2 GTCATCAACAACTCGGCAC 5′ RACE and
RT-PCR
tps GW R1 CAGCTAATGTTGTACCACAAGCAGCGG Promoter
analysistps GW R2 TAGCAGTTGGGGCCATTTCTACAGAACTGG
tps RTPCR F1 TGCCATCTGTTACCGAGTA RT-PCR
wrky F GAGAACAAGAAGCTWACNGAGATG Cloning and 3′
RACE
wrky R GGTTATGCTYYCCTTCRTATGTYGC Cloning
wrky RACE R1 CAGTCTCAATCTAGCCAAC 5′ RACE
wrky RACE R2 GCTGTAGAGCAAGGTACTG
wrky GW R1 CTATACACTCTGTTTGGTCC Promoter
analysiswrky GW R2 CACATACCGGCACTTTATCAAGAACTGG
wrky RTPCR F1 CAAAAGTCCGGCAGAGCAGTC RT-PCR
wrky RTPCR R1 CTTGATCTCATTTCAATGTTCTCC
hpo F TTGGYTTCCATYTTCCTWTT Cloning and 3′
RACE
hpo R AGAAGGTTSATAAGGAGT Cloning
hpo F2 GTGTCTTGGAAGTGTTGAGTGC Sequence
hpo R2 TCGGATCTCTTCCTAATGCC
hpo RACE R1 GCTTCTCTTACTTCTTCTTG 5′ RACE
hpo RACE R2 CTCCTGCTAAACCTATCACT
hpo GW R1 CAAAGGACAGTCCGATGTAC Promoter
analysishpo GW R2 CCGTTATGTGTGGTCTTCG
hpo RTPCR F1 ACTCTAAGACTACATCCACC RT-PCR
hpo RTPCR R1 CAATGCTCATGATGCATTCC
AP1-long GTAATACGACTCACTATAGGGCACGC Promoter
analysisAP2-long CTCACTATAGGGCACGCGTGGTCGAC
UPM(UP-long) CTAATACGACTCACTATAGGGCAAGCAGTGGTATCA
ACGCAGAGT
5′ RACE
UPM(UP-short) CTAATACGACTCACTATAGGGC
NUP AAGCAGTGGTATCAACGCAGAGT
T7 polyT TAATACGACTCACTATAGGGTTTTTTTTTTTTTTTTT 3′ RACE
T7 TAATACGACTCACTATAGGGwas puriﬁed using an Oligotex-dT30 b Super N mRNA Puriﬁcation
Kit (TaKaRa), and a cDNA library was synthesized from mRNA using a
SMART RACE cDNA Ampliﬁcation Kit (Clontech, Palo Alto, CA, USA)
following the manufacturer's protocols.
A GenomeWalker Universal Kit (Clontech) was used for promoter
identiﬁcation with a modiﬁcation. AP-1 long and AP-2 long primers
were used as universal primers in primary and nested polymerase
chain reactions (PCR), respectively, to amplify the promoter.
For premnaspirodiene synthase cloning, the premnaspirodiene
synthase sequence of Hyoscyamus muticus was used for primer design
(Greenhagen et al., 2006). For premnaspirodiene oxygenase cloning,
primers designed by Takahashi et al. (2007) to premnaspirodiene oxy-
genase in H. muticus were used for PCR. For wrky cloning, degenerate
primers were designed based on conserved regions among known
wrkys in Arabidopsis thaliana (atwrky18), Nicotiana tabacum (ntwizz),
and Capsicum annuum (cawrky1) (Hara et al., 2000; Oh et al., 2008;
Schön et al., 2013). Details of the sequence design and primer positions
are shown in Figs. 1, 2, and 5, and Table 1.
The DNA fragments were ampliﬁed using Ex Taq Hot-Start Version
(TaKaRa) under the following conditions: denaturation for 5min, follow-
ed by 30 cycles of 94 °C for 30 s, 55 °C for 30 s, and 72 °C for 1 min/kb,
followed by 72 °C for 5 min. The PCR products were electrophoresed
on 1.3% agarose gels, and resolved fragments were puriﬁed using the
QIAquick Gel Extraction Kit (Qiagen, Hilden, Germany). Puriﬁed
fragments were cloned using a TOPO TA Cloning Kit (Invitrogen,
Carlsbad, CA, USA) following a standard protocol.
The sequences of H. albus terpene synthase 1 (hatps1, accession
number AB827276),H. albus Hyoscyamus premnaspirodiene oxygenase
1 (hahpo1, accession number AB827277), and H. albus wrky transcrip-
tion factor 1 (hawrky1, accession number AB827275) were deposited
in DNA Data Bank of Japan (DDBJ). A list of primers used for these
experiments is shown in Table 1.Table 3
List of sequences used in the phylogenetic analysis, alignment and primer design of
HaWRKY1.
Species Gene name WRKY type Accession numbera
Arabidopsis thaliana WRKY6 IIb NP_564792.1
WRKY9 IIb NP_176982.1
WRKY14 IId NP_564359.1
WRKY18 IIa NP_567882.1
WRKY21 IIe NP_565703.1
WRKY22 IId NP_192034.1
WRKY25 I NP_180584.1
WRKY28 IIc NP_193551.1
WRKY33 I NP_181381.2
WRKY38 III NP_197649.2
WRKY39 IIe NP_566236.1
WRKY40 IIa NP_178199.1
WRKY48 IIc NP_199763.1
WRKY62 III NP_195810.2
Gossypium hirsutum WRKY1 IIa AIE43888.1
Nicotiana tabacum Wizz IIa AB028022
Capsicum annum WRKY1 IIa AY789641
Hyoscyammus albus WRKY1 IIa AB827275
a GenBank accession numbers.
Fig. 3. Promoters of hatps1 (a) and hahpo1 (b). Nucleotides are numbered above the sequences with the translational start sites designated as +1. The promoters are in lowercase letters.
W-boxes, 5′ UTRs, and open reading frames are indicated by gray boxes.
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For the phylogenetic analysis, amino acid sequences of known
WRKYs were obtained from the National Center for Biotechnology
Information (NCBI) protein database (http://www.ncbi.nlm.nih.gov/guide/proteins/). These amino acid sequences and HaWRKY1 were
aligned with ClustalW using the Gonnet score matrix in the Molecular
Evolutionary Genetic Analysis 6 (MEGA6) program version 6.06
(Tamura et al., 2013). Subsequently, phylogenetic analyseswere carried
out with the neighbor-joining method using the MEGA6 program.
Fig. 4. The phylogenetic tree of hawrky1. GenBank accession numbers and sources for the
protein sequences are shown in Table 3. The numbers at the nodes are bootstrap values
obtained from 1000 replicates and are indicated as percentages. HaWRKY1 is
surrounded by a gray border. The horizontal scale shows the number of differences per
50 residues derived from the ClustalW alignment.
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www.genome.jp/tools/clustalw/). The structural features in HaTPS1,
HaHPO1, and HaWRKY1 were conﬁrmed by HMMER (http://www.ebi.
ac.uk/Tools/hmmer/). PLACE (http://www.dna.affrc.go.jp/PLACE/index.
html) and NSITE-PL (http://www.softberry.com/berry.phtml?topic=
nsitep&group=programs&subgroup=promoter) were used for cis-
element predictions in each gene (Higo et al., 1999; Solovyev et al.,
2010). A list of accession numbers for sequences used in this study is
included in Tables 2 and 3.
2.6. Reverse transcription polymerase chain reaction (RT-PCR) analysis
Recombinant DNase I (TaKaRa)was used for genomic DNA digestion.
An RNeasyMini Kit (Qiagen) was used to remove DNase I and purify the
total RNA. The cDNA was synthesized using a PrimeScript 1st strand
cDNA Synthesis Kit (TaKaRa)with an oligo(dT)20 primer. The cDNA frag-
ment was ampliﬁed by Ex Taq Hot-Start Version (TaKaRa) with primers
speciﬁc to hawrky1, hatps1, and hahpo1 under the following conditions:
denaturation for 5 min, followed by 25 cycles of 94 °C for 30 s, 55 °C
for 30 s, and 72 °C for 1 min, followed by 72 °C for 5 min. All RT-PCR
experiments were performed three times using cDNA from three
independent biological replicates. A list of primers used for these
experiments is shown in Table 1.
3. Results
3.1. Cloning and promoter analysis of solavetivone biosynthetic genes
In a previous study, HAHR produced solavetivone and its derivatives
6 h after treatment with a combination of MeJA and CuSO4 (Kawauchi
et al., 2010). To obtain genes related to solavetivone biosynthesis, total
RNAwas extracted fromHAHRunder the same conditions. Solavetivone
is synthesized by two key enzymes, premnaspirodiene synthase and ox-
ygenase, from farnesyl diphosphate in H. muticus, which is a species
closely related to H. albus (Takahashi et al., 2007). Therefore, we
referred to these gene sequences during primer designed. Partial
fragments of hatps1 and hahpo1 were ampliﬁed using these primers.
Subsequently, full-length cDNAs of each gene were obtained by RACE
experiments. The full-length hatps1 cDNA contains an open reading
frame of 1662 bp that encodes 554 amino acids (accession number
AB827276). Hatps1 contains DDXXD and DTE metal-binding motifs,
and had a high positive similarity score (95%) with H. muticus
premnaspirodiene synthase (Fig. 1). The full-length hahpo1 cDNA
contains an open reading frame of 1509 bp that encodes 503 amino
acids (accession number AB827277). Hahpo1 contains a heme-binding
domain and had a high positive similarity score (99%) with H. muticus
premnaspirodiene oxygenase (Fig. 2). Therefore, hatps1 and hahpo1
should encode the synthase and oxygenase of premnaspirodiene,
respectively.
To predict the regulatory genes of these biosynthetic enzymes, we
identiﬁed cis-elements in the promoters. An orphanW-box was discov-
ered in both hatps1 and hahpo1 promoters (Fig. 3). Additionally, the
hahpo1 promoter contained a pair of W-boxes (Fig. 3b). W-boxes are
recognized by WRKY transcription factors, which form the largest
family of plant transcription factors, and some members are involved
in stress and immune responses (Bakshi and Oelmüller, 2014;
Rushton et al., 2010). These results suggested that at least one WRKY
transcription factor might be involved in the regulation of solavetivone
biosynthesis (Buscaill and Rivas, 2014).
3.2. Cloning and phylogenetic analysis of WRKY transcription factors
In Gossypium arboreum, the biosynthesis of the cadinene, which is a
monoterpene-type phytoalexin, is regulated by GaWRKY1, which is
classiﬁed into group IIa (Xu et al., 2004). To obtain group IIa wrkys
that regulate solavetivone biosynthesis, degenerate primers weredesigned to amplify the regions conserved among the group IIa wrkys
in A. thaliana and Solanaceae plants. The cDNA library constructed
for hatps1 and hahpo1 cloning was used for degenerate PCR. After se-
quencing multiple clones, only a single cDNA fragment was identiﬁed.
To obtain a full-length cDNA, RACE experiment was performed. The
full-length cDNA contains an open reading frame of 1042 bp encoding
344 amino acids. Because the sequence WRKYGQK, which is highly
conserved domain in WRKY transcription factors, was located in this
gene, we named it hawrky1 (accession number AB827275).
To classify hawrky1, a phylogenetic analysis was performed using
amino acid sequences of known groups of WRKYs (Fig. 4). WRKY is
classiﬁed into three groups (I–III), and group II of WRKY is subdivided
into ﬁve subgroups (a–e) (Bakshi and Oelmüller, 2014). Hawrky1was
classiﬁed into group IIa and displayed a high similarity to the function-
ally characterized Solanaceae WRKYs. Group IIa WRKYs usually have
coiled-coil structures and CX5CX23HXH zinc ﬁngers. Hawrky1 contains
these same structures (Figs. 4 and 5).
To predict the regulation of hawrky1, we analyzed promoter
sequences using genome walking (Fig. 6). The hawrky1 promoter has
an I-box-like element and multiple DNA binding with one ﬁnger
(Dof)-binding sites. I-box and Dof-binding domain clusters are recog-
nized by myeloblastosis (MYB)- and Dof-type transcription factors,
respectively (Rose et al., 1999; Venkatesh and Park, 2015). These result
suggested that hawrky1may be regulated by such transcription factors.
3.3. Expression patterns of hatps1, hahpo1, and hawrky1 in HAHR
In our previous study, we found that HAHR produced solavetivone
or its derivatives after treatment with MeJA, or a combination of MeJA
and CuSO4, but not after treatment with CuSO4 only (Kawauchi et al.,
2010; Kuroyanagi et al., 1998). To study the relationship between
solavetivone biosynthesis and hatps1 and hahpo1, total RNAs were
Fig. 5. Multiple alignment of amino acid sequences of WRKY transcription factors. GenBank accession numbers and sources for these protein sequences are shown in Table 3. The
alignment was calculated using ClustalW. The underlined sequences represent the conserved domain (WRKY) and structures (Zinc ﬁnger and Coiled-coil). The arrows indicate the
positions of degenerate primers used for cloning. Black and gray shadings, provided by BOXSHADE 3.21 (http://www.ch.embnet.org/software/BOX_form.html), indicate identical and
similar amino acid residues, respectively.
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Then, RT-PCR experiments were performed using cDNAs synthesized
from these total RNAs. In accordance with previous results, hatps1
was induced immediately by the chemical treatment and expressed
continuously after induction (Fig. 7a). In contrast, hahpo1was activated
with speciﬁc timing and its expression was induced by MeJA treat-
ments, with or without CuSO4 (Fig. 7b). These results indicated that
solavetivone production is regulated by the transcription level.
We also analyzed the expression patterns of hawrky1 in the same
RNA used for hatps1 and hahpo1. Hawrky1 was not expressed continu-
ously, but was only expressed with speciﬁc timing after treatment
with MeJA or a combination of MeJA and CuSO4 (Fig. 7c). Additionally,
its induction pattern matched that of hahpo1 (Fig. 7b and c).
From these results, we hypothesized that hawrky1 might not be in-
volved in the regulation of hatps1, butmay be involved in the regulation
of solavetivone production through the transcriptional regulation
of hahpo1.4. Discussion
The Solanaceae plants include many economically important crops,
such as Solanum lycoperisicum (tomato), Solanum tuberosum (potato),
C. annuum (pepper), andN. tabacum (tobacco). They show susceptibility
against awide range of attackers, includingbacteria and fungi (Rosli and
Martin, 2015; vanOoijen et al., 2007). Thus, for economic and food secu-
rity reasons, it is important to understand how plants of the Solanaceae
family prevent attacks from pathogens. Phytoalexins are one defense
mechanism against a broad range of pathogens (Ahuja et al., 2012).
Solanaceae families also produce solavetivone and scopoletin. Previous-
ly, we showed that HAHR produced a variety of sesquiterpene
phytoalexins after treatments with chemical elicitors (Kawauchi et al.,
2010; Kuroyanagi et al., 1998). Interestingly, neither solavetivone nor
its derivatives were produced by a treatment of only CuSO4, whereas
they were highly produced by the addition of MeJA, with or without
CuSO4.
Fig. 6. Promoter of hawrky1. Nucleotides are numbered above the sequencewith the translational start site designated as+1. The promoter is in lowercase letters. The I-box, DOF-binding
site, 5′ UTR, and open reading frame are indicated by gray boxes.
Fig. 7. RT-PCR analyses of hatps1 (a), hahpo1 (b), and hawrky1 (c). Gene names are
indicated above, and the chemical treatments are indicated to the left.
85M. Kawauchi et al. / Plant Gene 5 (2016) 78–86We cloned two putative solavetivone biosynthetic enzymes, hatps1
and hahpo1. Their sequences are highly similar to the same enzymes
in H. muticus (Figs. 1 and 2) (Greenhagen et al., 2006; Takahashi et al.,
2007). Interestingly,W-boxes, the binding elements ofWRKY transcrip-
tion factors, were found in their promoters (Fig. 3). As in our promoter
study, W-boxes were also found in cadinene synthase and cyp706B1 in
G. arboreum (Xu et al., 2004). These genes are required for phytoalexin
production, and their W-boxes are recognized by WRKY proteins.
Thus, we tried to clone wrky in H. albus and succeeded in cloning
hawrky1. We found an I-box and Dof-binding domain in its promoter
(Fig. 6). This result suggested that the expression of hawrky1 may be
regulated byMYB- or Dof-type transcription factors because they recog-
nize such cis-elements (Rose et al., 1999; Venkatesh and Park, 2015).
In accordance with our previous study, the expression of hatps1was
induced by chemical treatments, and hahpo1 was induced by MeJA,
with or without CuSO4 (Kawauchi et al., 2010; Kuroyanagi et al.,
1998). This result indicated that solavetivone biosynthesis is strictly
regulated at the transcriptional level. We also found that the expression
pattern of hawrky1 strongly correlates with that of hahpo1. Because the
hahpo1 promoter includes multiple W-boxes, the expression of hahpo1
may be regulated by HaWRKY1. To test our hypothesis, we attempted
heterologous expression of hawrky1 using Escherichia coli for gel shift
assays. However, we were unable to obtain recombinant HaWRKY1
(data not shown). Therefore, further experiments, including gel shift
or yeast one hybrid assays, will be required to determine whether
HaWRKY1 can bind the W-box in the hahpo1 promoter.
WRKYs are important in plant defense systems (Bakshi andOelmüller,
2014). Recent reports indicated that they also activate phytoalexin
86 M. Kawauchi et al. / Plant Gene 5 (2016) 78–86production in A. thaliana and G. arboreum. In A. thaliana, AtWRKY18 and
AtWRKY40 regulate camalexin biosynthesis (Schön et al., 2013). In
G. arboreum, GaWRKY1 binds the W-box in the cadinene synthase
promoter and regulates its expression (Xu et al., 2004). These WRKYs
are phylogenetically and structurally classiﬁed as group IIaWRKYs. Inter-
estingly, HaWRKY1 also has a coiled-coil structure and CX5CX23HXH zinc
ﬁnger, which are canonical features of group IIa WRKYs (Bakshi and
Oelmüller, 2014). It was also phylogenetically classiﬁed into group IIa
and displayed a high similarity to AtWRKY18. These results suggested
that group IIaWRKYs play important roles in the regulation of phytoalex-
in production in plants. It also supports our hypothesis that hawrky1 is a
regulator of solavetivone biosynthesis in H. albus.
Bottlenecks in plant studies are growth speed and maintenance.
Compared with normal plants, hairy roots can grow in only a few
weeks and easily grow on hormone-free media (Stiles and Liu, 2013).
We applied this system to study the regulation of phytoalexins in
H. albus and used it as a model to study the regulation of solavetivone
biosynthesis. Through this study, we showed the advantages of using
hairy roots to understand the regulation of phytoalexin biosynthesis
and secondary metabolism in plants.
Finally, we suggest the importance of WRKY in regulating phyto-
alexin production in Solanaceae families. Our study will help in under-
standing how phytoalexin production is regulated in Solanaceae crops
and how to improve their tolerance to pathogenic attacks through the
manipulation of phytoalexin production.
5. Conclusion
In this study, we cloned two putative solavetivone biosynthetic genes,
hatps1 and hahpo1, and aWRKY transcription factor, hawrky1, whichwas
structurally and phylogenetically classiﬁed as a group IIaWRKY. The pro-
moters of hatps1 and hahpo1 contain W-boxes, cis-elements of WRKY.
The expression pattern of hahpo1 is correlated to that of hawrky1, and
they are induced by treatments of MeJA, with and without CuSO4,
which corroborates our previous ﬁndings on solavetivone biosynthesis.
From these results, we hypothesize that solavetivone biosynthesis is
regulated by hawrky1 through the regulation of hahpo1 expression.
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